By comparing the optical conductivities of La 1.67 Sr 0.33 NiO 4 (LSNO), Sr 1.5 La 0.5 MnO 4 (SLMO), Nd 2 CuO 4−y (NCO), and Nd 1.96 Ce 0.04 CuO 4 (NCCO), we have identified a peculiar behavior of polarons in this cuprate family. While in LSNO and SLMO small polarons localize into ordered structures below a transition temperature, in those cuprates the polarons appear to be large, and at low T their binding energy decreases. This reflects into an increase of the polaron radius, which may trigger coherent transport. In the present paper, a comparison is proposed among the infrared polaron bands in some nickelates, manganites, and cuprates, aimed at detecting any anomalous behavior in 
Recently, evidence for the formation of polarons (bipolarons) in LSNO (SLMO) and for their ordering below ∼ 220 K (∼ 250 K) has been reported. [1, 2] In the cuprate families which show High-T c superconductivity, polaron formation induced by doping has been detected in several infrared experiments. [3] [4] [5] [6] However, no charge ordering has been observed by diffraction techniques in the superconducting materials, even if EXAFS data on BSCCO and LSCO have been interpreted in terms of charged stripes, possibly short-living. [7] In the present paper, a comparison is proposed among the infrared polaron bands in some nickelates, manganites, and cuprates, aimed at detecting any anomalous behavior in The experimental procedure has been reported previously. [8] Once the optical conductivity σ(ω) (or the optical density O d ∝ σ(ω), see Ref. [8] ) of a doped charge-transfer insulator has been determined, it can be fitted to the following general expression:
Here σ D (ω) is the Drude conductivity from quasi-free carriers, σ ph (ω) is the contribution of the extended TO phonons, σ IRAV (ω) that of the local modes induced by the self-trapped charges which distort the lattice, σ M IR (ω) is the T -independent part of the midinfrared absorption (possibly due to states created by chemical doping in the charge-transfer gap), and σ CT (ω) is the charge-transfer band. All those terms are usually reproduced by Lorentzians multiplied by 4π/ω. [5] Analytical expressions for the contribution σ pol (ω) have been derived by Reik [9] in the case of a small polaron which undergoes adiabatic hopping, and by Devreese et al. [10] and
Emin [11] in the case of a large polaron extended over several lattice sites. For a small polaron one may write: [9] 
where n p is the polaron concentration at T , ω is the photon energy, ∆ = 2 2E p E vib , and E p is the polaron binding energy. One may put in Eq. (2) E vib = (1/2)hω * in the low-T limit,
where ω * is a characteristic phonon frequency, and E vib ∼ kT in the high-T limit. [11] All quantities are expressed in cm −1 . For large values of E p /ω * , the maximum absorption will occur at ω ≃ 2E p /h. Hopping with simultaneuous annihilation (for ω < 2E p /h) or creation (for ω > 2E p /h) of optical phonons causes the broadening of the polaron band. In turn, the large-polaron conductivity can be written as: [11] 
where a ∝ √ 2mR, with m=polaron effective mass and R=polaron radius. One may notice that the dependence on temperature here comes from n p (T ). Moreover, the absorption in Eq. (3) has a threshold at 3E p , even if the large polaron may also perturb the far infrared phonon spectrum at frequencies much lower than E p /h. [12] The experimental optical density O d (ω) is shown in Fig. 1 suggestive of an even stronger charge-lattice interaction. In Fig. 2 [2] and by neutron scattering. [14] In SLMO, however, the superlattices are attributed to the ordering of small bipolarons. [2] At 300 K, a deep absorption minimum is already present at 750 cm −1 , pointing toward low polaron mobilities even at room temperature. Here, the broad background observed in LSNO at 300 K should then appear at much higher temperatures.
However, the behavior at low T is not qualitatively different, as the minimum in Fig. 2 further deepens, through a transfer of spectral weight towards higher energies. At T < 100 K a polaron-like peak is left, which is peaked at a much higher energy than in Fig. 1 and can be attributed to the bipolaronic superstructure found out below ∼ 220 K.
[2] Such a charge ordering is confirmed here again by splittings in the intense E u -A u manifold (inset of 1 and 2, one remarks that their temperature behavior is different. Indeed, in the Ni, Mn oxides the gap between the phonon region and the polaron band deepens as T lowers. On the contrary, in the reduced cuprate the intensity of the background slightly increases at low T , so that the gap at ∼ 800 cm −1 tends to be partially filled. In other words, the few polaronic charges present in NCO seem to increase their mobility at low temperature, instead of localizing as observed in LSNO and SLMO.
In order to verify this unexpected behavior in a more doped sample, and to check whether it can be ascribed to the a − b plane, we have also studied a single crystal of Nd 2−x Ce x CuO 4 .
This latter is expected to be more heavily doped than NCO, but its Ce concentration (x=0.04) is much lower than that reported for the insulator-to-metal transition (x=0.12). At high frequency, the extrapolation has been based on existing NCO data up to 40 eV. [18] In Fig. 4 , the σ(ω) thus obtained exhibits at 300 K the expected insulator-like behavior and a d band peaked at ∼ 1000 cm −1 . The latter, partially superimposed to a broad midinfrared band, can be fitted by the large polaron model of Eq. (3), with the characteristic threshold at 3E p , here found out at ∼ 500 cm −1 . One may notice that around E p ≃ 170 cm −1 , the 300 K curve shows a broad absorption that has been also observed in previous experiments on the same compound. [5] All of the four E u phonons of NCCO exhibit Fano-like lineshapes, [19] possibly due to interactions with the polaronic background, as it will be discussed in detail in a separate paper. [20] The resulting fit, in excellent agreement with the measured σ(ω), is shown by a dashed line in Fig. 4 .
As the temperature is lowered, the spectrum of Fig. 4 changes drastically. At 20 K, the d band looses much of its intensity, its peak moves towards lower frequencies, while two peaks appear at the lowest frequencies here measured. The former is the narrow contribution at ∼ 100 cm −1 . The latter, which extends to the lowest frequencies here measured, suggests the appearance of a strong Drude-like contribution. Both features are insensitive to the choice of the extrapolation to zero frequency, as verified by comparing the results of the above procedure based on a Drude-Lorentz fit with a standard Hagen-Rubens approximation. The fit of the 20 K curve by the large polaron model of Eq. (3) places the 3E p threshold at 300 cm −1 , so that E p here coincides with the sharp peak at 100 cm −1 . As the large-polaron
, where m is the effective mass of a quasi-free electron, the softening here observed between 300 and 20 K suggests that R p increases at low temperature. As one also observes at the same T the appearance of a Drude-like peak, one may speculate that the increase in the polaron size may trigger a coherent polaronic transport. The impressive transfer of spectral weight towards lower energies observed in NCCO at low temperature can be better appreciated in the inset of observed at low temperature [22] in superconducting La 2 CuO 4.06 .
In conclusion, the infrared region of all the perovskitic oxides here examined is dominated by polaronic effects. Nevertheless, while the optical conductivities of the nickelate LSNO and of the manganite SLMO are easily interpreted in terms of charge localization and ordering at low temperature, in excellent agreement with the electron diffraction ex-periments, σ(ω) in the low-doping cuprate NCO shows that the fraction of mobile charges increases slightly as the temperature decreases. In a Ce-doped NCCO single crystal, whose midinfrared absorption is well fitted by a large-polaron model with a polaron binding energy which decreases at low temperature, a peak appears in the extreme farinfrared at 20 K suggesting the onset of a Drude-like behavior. This result shows that at temperatures that are typical of the superconducting transition in more doped cuprates, the normal-state conductivity of a semiconducting member of the family may become metallic due to an increase in the average polaron radius. It can be emphasised once again that such optical behavior is opposite to that displayed by the small polarons in the perovskites of Ni and Mn, which indeed are poor metals and do not exhibit superconductivity. 
